A circadian clock regulates the process of ERG b- and d-wave dominance transition in dark-adapted zebrafish  by Ren, Jason Q. & Li, Lei
Vision Research 44 (2004) 2147–2152
www.elsevier.com/locate/visresA circadian clock regulates the process of ERG b- and
d-wave dominance transition in dark-adapted zebraﬁsh
Jason Q. Ren a, Lei Li a,b,*
a Department of Physiology, University of Kentucky, College of Medicine, Lexington, KY 40536, USA
b Department of Biological Sciences, University of Notre Dame, 107 Galvin Life Science Building, Notre Dame, IN 46556-0369, USA
Received 22 September 2003; received in revised form 4 March 2004Abstract
In zebraﬁsh, during dark adaptation following bright light adaptation, the dominance of electroretinogram (ERG) b- and d-
waves switches. In the early dark adaptation, when visual sensitivity is cone-dominant, both the b- and d-waves are readily recorded.
In the late dark adaptation, along with the increase of rod sensitivity, the b-wave becomes dominant whereas the d-wave is gradually
lost. The time for the ERG b- and d-wave dominance transition varies between the day and night. The transition requires a longer
amount of time in the night and early morning than in the afternoon. This pattern of timing for ERG b- and d-wave dominance
transition persists in constant light and can be reversed after exposure to a reversed light–dark cycle. The data suggest that the
transition of the dominance of ERG b- and d-waves is regulated by an endogenous circadian clock.
 2004 Elsevier Ltd. All rights reserved.
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Some visual behaviors such as photoreceptor cell disk
shedding and assembling (Bassi & Powers, 1990; Besh-
arse & Hollyﬁeld, 1979; LaVail, 1976; Young, 1978),
opsin gene expression (Korenbrot & Fernald, 1989),
behavioral sensitivity (Li & Dowling, 1998), and rod-
cone dominance (Manglapus, Uchiyama, Buelow, &
Barlow, 1998; Wang & Mangel, 1996), display robust
day-night rhythms. In goldﬁsh, for example, the light
response of L-type horizontal cells is cone-dominant in
the day and rod-dominant at night. This pattern of rod-
cone dominance persists in constant dark, suggesting
that an endogenous circadian mechanism is involved
(Wang & Mangel, 1996). The circadian rhythm of rod-
cone dominance can also be measured by ERG. In
quails, ERG sensitivities are cone-dominant in the day
and rod-dominant at night (Manglapus et al., 1998).* Corresponding author. Address: Department of Biological Sci-
ences, University of Notre Dame, 107 Galvin Life Science Building,
Notre Dame, IN 46556-0369, USA. Tel.: +1-574-631-7488; fax: +1-
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doi:10.1016/j.visres.2004.03.022This pattern of rod-cone dominance persists in constant
dark and can be phase-shifted by light and dopamine
(Manglapus, Iuvone, Underwood, Pierce, & Barlow,
1999; Manglapus et al., 1998).
By recording ERGs, vertebrate visual sensitivity can
be quantitatively analyzed (Brockerhoﬀ et al., 1995;
Brown, 1968; Dowling, 1987; Li & Dowling, 1998;
Saszik, Bilotta, & Givin, 1999). In response to short
ﬂashes, ERG consists of two prominent waveforms, a b-
wave (in response to stimulation onset) followed by a d-
wave (in response to stimulation oﬀset). The b-wave is
raised from potassium currents across the membranes of
the ON bipolar cells and M€uller cells (Dowling & Ripps,
1970; Miller & Dowling, 1970; Newman, 1980, 1984;
Shiells & Falk, 1999; Stockton & Slaughter, 1989). Some
ionic activities across the membranes of the amacrine
and ganglion cells can contribute as well (Awatramani,
Wang, & Slaughter, 2001; Dong & Hare, 2000). The
d-wave, on the other hand, is believed to be gener-
ated from cone-driven post-photoreceptor cells, such as
the OFF bipolar cells (Stockton & Slaughter, 1989;
Wong, Cohen, Adolph, & Dowling, 2000). Both the b-
and d-waves can be readily recorded, depending on the
intensity of stimulation and adaptation conditions. In
zebraﬁsh, for example, in the early dark adaptation
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waves are recorded in response to short ﬂashes. During
this time, the amplitudes for the b- and d-waves are
similar. In the late dark adaptation, along with the in-
crease of rod sensitivity, ERG undergoes rapid wave-
form changes, i.e., the amplitude of the b-wave increases
and the amplitude of the d-wave decreases. In some
cases, the d-wave completely diminishes. The mecha-
nism that underlies ERG b- and d-wave dominance
transition is not fully understood. The transition may be
due to an alternation of the dominance of rod-cone
contribution to ERG sensitivity. During dark adapta-
tion, for example, visual sensitivity is dominated early
by cones and late by rods. It has been suggested that in
the zebraﬁsh, during the transition from light to dark
adaptation, the b-wave represents the function of both
the rod and cone systems. The d-wave, on the other
hand, represents mainly, if not exclusively, cone func-
tions (Ren & Li, 2004).
The time for ERG b- and d-wave dominance transi-
tion varied between the day and night. In the present
study, we examined whether an endogenous circadian
mechanism is involved in the regulation of the timing for
ERG b- and d-wave dominance transitions during dark
adaptation. Full-ﬁeld ERGs were recorded at diﬀerent
times in the day and night. In a normal light–dark (LD)
cycle, during dark adaptation following bright light
adaptation, the ERG b- and d-wave dominance transi-
tion occurs rapidly in the late afternoon, but slowly in
the night and early morning. This pattern of timing for
ERG b- and d-wave dominance transition persists in
constant light (LL) and can be phase-shifted after
exposure to a reversed LD cycle, suggesting that an
endogenous circadian mechanism is involved.2. Materials and methods
2.1. Animals and maintenance
Zebraﬁsh (Danio rerio) were maintained as described
(Westerﬁeld, 1995). Normally, the zebraﬁsh were kept in
a 14:10 light–dark cycle (room ﬂuorescent light, 6 a.m.–
8 p.m.). For LL experiments, the ﬁsh were removed
from LD in the late afternoon the day before the
experiment, and thereafter kept in LL. Reversed LD
experiments were carried out using the zebraﬁsh that
were kept in a reversed LD cycle (light, 8 p.m.–10 a.m.)
for 2 weeks. Zebraﬁsh used in this study were between
4 and 10 months of age.
2.2. ERG recordings and data analysis
Zebraﬁsh was anesthetized by amino benzoic
methylester (4% stock solutions, diluted in regular tank
water, 1:25) and immobilized by abdominal injections ofgallamine triethiodide (1% stock solutions, 1–2 ll). The
ﬁsh was placed on its side on a sponge with one eye
facing toward a light source (tungsten white light; Oriel
Instruments, CT). The maximum light intensity mea-
sured in front of the recording eye after a mirror system
was log 0 ¼ 120 lW/cm2. A slow stream of tank water
was directed into the mouth of the ﬁsh to keep the ﬁsh
oxygenated. ERGs were recorded using a glass pipette
ﬁlled with balanced salt solution placed on the surface of
the cornea. Electrical signals were ﬁltered at a band-
width of 1–300 Hz.
Prior to ERG measurements, the ﬁsh were light
adapted for 10–15 min (log I ¼ 1:0, the same light
source described above). During subsequent dark
adaptation, ERGs were recorded in response to 2-s-long
white ﬂashes, log I ¼ 3:0. This is about 3 log units
above the absolute visual threshold level of the zebra-
ﬁsh, at which level both the rod and cone signals can be
recorded (Ren & Li, 2004). Under this level of stimu-
lation, the b-wave returned to the base line within 2 s
after the light onset. Thus, in response to light termi-
nation the d-wave could be readily measured. ERGs
were recorded at 2-min intervals, which began after
2 min of dark adaptation and completed at 60 min. We
averaged three responses to increase the response/noise
ratio. The stimuli were delivered at 10-s intervals. For
each experiment, we recorded ERGs from eight zebra-
ﬁsh. We plotted the amplitude of the b- and d-waves as a
function of the time of dark adaptation. We used these
curves to determine the time of dark adaptation at
which the b-wave achieved amplitude of 100 lV and the
d-wave decreased to 10 lV (or the lowest value if the d-
wave was greater than 10 lV during the entire 60 min of
dark adaptation). The dynamics of the ERG b- and d-
wave dominance transition were evaluated by dividing
the amplitude of the b-wave by the d-wave ðRb=dÞ.3. Results
3.1. ERG b- and d-wave dominance transition occurs
rapidly in the afternoon and slowly in the night and early
morning
During dark adaptation following bright light adap-
tation, the zebraﬁsh ERG undergoes rapid waveform
changes, i.e., the amplitude of the b-wave increases
whereas the amplitude of the d-wave decreases. The time
for ERG b- and d-wave dominance transition varies
between the day and night (Fig. 1). In the early morning
(4 a.m.), after 2 min of dark adaptation both the ERG
b- and d-wave were recorded. The amplitudes for the b-
and d-waves were similar. In the late dark adaptation,
the b-wave increased whereas the d-wave decreased.
After 40 min of dark adaptation, the b-wave increased
to 80 lV, whereas the d-wave decreased to about 10 lV.
Fig. 1. ERG b- and d-wave dominance transitions in the day and
night. (A) Full-ﬁeld ERGs recorded at 4 a.m. and 7 p.m., respectively.
During dark adaptation the amplitude of the b-wave increased, but the
amplitude of the d-wave decreased. Note after 40 min of dark adap-
tation, the amplitude of the b-wave recorded at 7 p.m. was greater than
the amplitude of the b-wave recorded at 4 a.m. Calibration bars: 50 lV
vertically and 1.0 s horizontally. (B) Time of dark adaptation required
to increase the b-wave to 100 lV. It was brief in the afternoon, but
lengthy in the night and early morning. (C) Time of dark adaptation
required to decrease the d-wave to 10 lV. It ﬂuctuated randomly in the
day and night. Data represent the means±SE.
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Fig. 2. Dynamics of ERG waveform transition during dark adapta-
tion at 4 a.m. and 7 p.m. The Rb=d increased slowly in the early
morning (4 a.m.), but rapidly in the late afternoon (7 p.m.). Note the
time to increase the b-wave to 10 times of the d-wave ðRb=d ¼ 10Þ was
long in the early morning and short in the late afternoon. Data rep-
resent the means±SE.
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Fig. 3. The Rb=d determined at diﬀerent times of dark adaptation in the
subjective day and night while the ﬁsh were kept in LL. At 2 min of
dark adaptation (closed circles), no ﬂuctuations in the Rb=d were ob-
served. At 12 (open circles) and 24 min (grey circles), the Rb=d ﬂuctu-
ated. In both cases, it was low in the morning and high in the late
afternoon. Open bars on the top of the ﬁgure indicate the subjective
day, and the hatched bar indicates the subjective night. Data represent
the means±SE.
J.Q. Ren, L. Li / Vision Research 44 (2004) 2147–2152 2149In the late afternoon (7 p.m.), the b-wave increased
rapidly. After 40 min of dark adaptation, the b-wave
increased to about 200 lV. The d-wave decreased in a
similar fashion in the early morning and in the late
afternoon (Fig. 1A).
To evaluate quantitatively the course of ERG b- and
d-wave dominance transition, we measured the time of
dark adaptation when the b-wave increased to 100 lV
and the time when the d-wave declined to 10 lV. In the
morning (7 a.m.), the time required to increase the b-
wave to 100 lV was 35± 6 min. The time period for the
b-wave to increase to 100 lV shortened in the mid-
morning and early afternoon. At 1 p.m., the time to
increase the b-wave to 100 lV dropped to 21± 3 min. At
7 p.m., it dropped to 18± 3 min (the lowest value).
Shortly after 7 p.m., the time to increase the b-wave to
100 lV increased. By 7 a.m. of the second day, the time
required to increase the b-wave to 100 lV increased to
35± 7 min (Fig. 1B). The time required to decline the d-
wave to 10 lV ﬂuctuated randomly between the day and
night, which was about 50 min (Fig. 1C).
We measured the dynamics of ERG b- and d-wave
dominance transition during dark adaptation. Fig. 2
shows the value of Rb=d (b-wave amplitude/d-wave
amplitude) at various times of dark adaptation at 4 a.m.
and 7 p.m., respectively. The rate of increase for Rb=d
varied between early morning and late afternoon,
occurring slowly in the morning but rapidly in the
afternoon. At 4 a.m., for example, it took 53 min for the
b-wave to become 10 times greater than the d-wave
ðRb=d ¼ 10Þ. At 7 p.m., the time shortened to 34 min.3.2. A circadian clock regulates the process of ERG b- and
d-wave dominance transition
To determine whether a circadian clock plays a role
on ERG b- and d-wave dominance transition, we re-
corded ERGs at diﬀerent times in the subjective day and
night using the zebraﬁsh that were kept in LL. The value
of Rb=d was determined at various times of dark adap-
tation (Fig. 3). At 2 min of dark adaptation, the Rb=d was
similar at diﬀerent times in the subjective day and night.
At subjective 7 a.m. and 7 p.m., for example, the value
of Rb=d was 1.5 ± 0.8 and 1.7 ± 0.5, respectively. In the
late dark adaptation (12 and 24 min), the Rb=d ﬂuctu-
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in the afternoon. After 12 min of dark adaptation, for
example, the Rb=d was below 2.0 as determined at sub-
jective 7 a.m. It increased throughout midday and early
afternoon, and reached the highest value of 5.0 at sub-
jective 7 p.m. Shortly after subjective 7 p.m., the Rb=d
began to decrease. At subjective 7 a.m. of the second
day, the value of Rb=d returned to levels similar to those
determined at 7 am on the ﬁrst day of experiment.
Similarly, after 24 min of dark adaptation, the Rb=d was
low in the subjective night and early morning and high
in the late afternoon (Fig. 3).3.3. A reversed LD entrains the circadian rhythms of ERG
b- and d-wave dominance transition
To determine whether ambient illumination has an
eﬀect on the circadian rhythms of ERG b- and d-wave
dominance transitions, we compared the pattern of
ﬂuctuation of the Rb=d in zebraﬁsh that were previously
kept in a normal LD and in zebraﬁsh that were kept a
reversed LD (light, 8 p.m.–10 a.m., for 2 weeks). Fig. 4
shows the value of Rb=d after 24 min of dark adaptation
in control (normal LD) and experimental (reversed LD)
groups in LL. In the control group, the Rb=d was low in
the subjective early morning (7 a.m.) and high in the
subjective afternoon (7 p.m.). Shortly after subjective 7
p.m., the Rb=d began to decrease. By subjective 7 a.m. on
the following day, the Rb=d dropped to levels similar to
those determined at subjective 7 a.m. in the previous
day. In the experimental group, the ﬂuctuation of Rb=d7am 1pm 7pm 1am 7am
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Fig. 4. The Rb=d determined at 24 min of dark adaptation in the ﬁrst
day of LL in the zebraﬁsh that were kept in a normal LD (open circles)
or in a reversed LD (closed circles). In both cases, the Rb=d ﬂuctuated
between the subjective day and night. In the control group, the Rb=d
was low in the morning and high in the late afternoon. The ﬂuctuation
of Rb=d was reversed in the experimental group. Data represent the
means±SE.persisted, but reversed to being low in the subjective
afternoon and high in the morning.4. Discussion
In this study, we examined the eﬀect of circadian
clocks on ERG b- and d-wave dominance transition in
zebraﬁsh. During the course of dark adaptation fol-
lowing light adaptation, ERG undergoes rapid wave-
form changes, i.e., the b-wave increases and the d-wave
decreases. The transition of the dominance between the
b- and d-waves occurs rapidly in the afternoon and
slowly in the night and early morning. This pattern of
timing persists in LL and can be phase-shifted by a re-
versed LD cycle. We proposed that the transition of
ERG b- and d-waves correlates with the transition of
rod-cone dominance in visual sensitivity. In a previous
study (Ren & Li, 2004), we demonstrated that during the
transition from light to dark adaptation, separate rod-
or cone-dominant signals can be recorded by ERG in
zebraﬁsh. In the early dark adaptation, cone-dominant
signals are detected in both the b- and d-waves. In the
late dark adaptation, rod signals become dominant, and
they are recorded primarily in the b-wave. The d-wave,
by contrast, decreases. The decrease of the d-wave in the
late dark adaptation is likely due to inhibitions from the
rod system (Dong, Qian, McReynolds, Yang, & Liu,
1988). In frogs, for example, during prolonged dark
adaptation, cone-driven ERG responses are suppressed
by rod input (Dong et al., 1988; Hood, 1972). In ze-
braﬁsh, during dark adaptation, the light thresholds to
evoke threshold b-waves (e.g., 10 lV) decrease whereas
the light thresholds to evoke threshold d-waves increase
(Ren & Li, 2004). Clearly, there are correlations between
the increase of the ERG b-wave and rod dark adapta-
tion, and between the decrease of the d-wave and the
loss of cone sensitivity. In the late dark adaptation,
when visual sensitivity is dominated by the rod system,
the b-wave peaks. At the same time, cone sensitivity is
suppressed, and the d-wave diminishes. Thus, by mea-
suring the dynamics of ERG b- and d-waves, the process
of rod-cone dominance transition can be assessed.
The major ﬁnding of this study is that during dark
adaptation an endogenous circadian mechanism is in-
volved in ERG b- and d-wave dominance transition in
zebraﬁsh. Since the b- and d-waves reﬂect diﬀerently rod
and cone sensitivity at diﬀerent times of dark adaptation
(Ren & Li, 2004), our ﬁnding suggests that the transition
for rod-cone dominance may also be regulated by a
circadian mechanism. In some species, rod-cone domi-
nance is inﬂuenced by illumination conditions (Yang &
Wu, 1997). In others, it is regulated by endogenous
circadian clocks (Barlow, Chamberlain, & Lehman,
1988; Fowlkes, Karwoski, & Proenza, 1984; Schaeﬀel,
Rohrer, Lemmer, & Zrenner, 1991; Underwood, Siopes,
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of the circadian clocks, zebraﬁsh are able to resume their
sensitivity after exposure to unexpected ambient chan-
ges, e.g., from light to dark or vice versa. In a 24-h
period, zebraﬁsh are most sensitive to light in the late
afternoon and least sensitive in the early morning (Li &
Dowling, 1998). In response to illumination changes,
e.g., from light to dark adaptation, under the inﬂuence
of the same circadian mechanism the rod system be-
comes dominant more readily in the late afternoon than
in the early morning.
The circadian rhythms of ERG b- and d-wave dom-
inance transition described here may correlate to the
circadian rhythms of other visual behaviors, particularly
those that are found in the outer retina, e.g., photo-
receptor cell disc shedding (Besharse, Spratt, & Reif-
Lehrer, 1988; LaVail, 1976), retinomotor movement
(Dearry & Burnside, 1986; Pierce & Besharse, 1985), and
opsin expression (Korenbrot & Fernald, 1989; Pierce
et al., 1993). In some vertebrates, the assembly of the
rod photoreceptor cell outer segment discs starts soon
after light onset and continues until the late afternoon
(Besharse & Hollyﬁeld, 1979; LaVail, 1976). During this
time, opsin mRNA expression increases (Korenbrot &
Fernald, 1989). Recent evidence for the circadian con-
trol of dopamine release and the eﬀect of dopamine on
opsin expression may argue in favor of the hypothesis
that the rapid occurrence of rod-cone dominance tran-
sition in the late afternoon is due to the increase of opsin
expression. Dopamine concentrations in the retina are
higher in the day than in the night (Doyle, Grace,
McIvor, & Menaker, 2002; Ribelayga, Wang, & Man-
gel, 2002), and dopamine increases opsin expression by
45% (Alﬁnito & Townes-Anderson, 2001). Direct evi-
dence for the eﬀect of dopamine on rod-cone dominance
includes that dopamine mediates rod-cone input to
horizontal cells and that dopamine regulates rod sig-
naling transmission in the inner retina. In dark adapted
animals, dopamine blocks rod-input but enhances cone-
input to horizontal cells (Witkovsky, Stone, & Besharse,
1988; Witkovsky, Stone, & Tranchina, 1989). In zebra-
ﬁsh, depletion of dopamine in the retina selectively
blocks rod signaling transmission in the inner retina.
However, this treatment does not aﬀect the cone system
function (Li & Dowling, 2000).
The mechanism that underlies rod and cone signaling
transmission in the retina of zebraﬁsh is not fully
understood. It has been suggested that in the lower ver-
tebrates, such as ﬁsh, visual signals are processed in the
retina via mixed bipolar cell pathways (Scholes, 1975;
Stell, 1972; Stell, Ishida, & Lightfoot, 1977). Recent
studies have suggested that in some of the teleost species,
dominant rod or cone signals may be detected (Malchow
& Yazulla, 1986; Ren & Li, 2004; Saeki & Gouras, 1996;
Wu, Gao, & Maple, 2000; Yang & Wu, 1997). More
recently, 13 types of retinal bipolar cells including ON,OFF, and ON–OFF cells have been identiﬁed in zebra-
ﬁsh (Connaughton & Nelson, 2000). It is possible that
dominant rod or cone signals can be processed by dif-
ferent types of bipolar cells. The circadian oscillators that
regulate the process of rod-cone dominance transition
are likely located in the outer retina, as their eﬀects can
be readily recorded by ERG.Acknowledgements
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